We have isolated three homeodomain and LIM-homeodomain developmental transcription factors from the medaka fish (Oryzias latipes): OlDlx2, OlLhx7, and OlLhx9, and we have studied their expression patterns in the developing and adult brain. This analysis showed that OlDlx2 and OlLhx7 (together with OlNkx2.1b) delineate the subpallial divisions of the medaka telencephalon, and that OlLhx9 exhibits a typical and specific topology of expression in the pallium and diencephalic neuromeres. The expression patterns of these three genes, when compared in details with those of their tetrapod homologs, reveal both commonalities and differences in the basic organization of the developing teleost and vertebrate forebrain. q
Introduction
The comparative analysis of the basic principles for genetic specification of the vertebrate forebrain is currently a matter of high interest. In the past few years, the idea of a common forebrain organisation pattern across tetrapods has gained support from the comparative analysis of transcription factors expression patterns in the embryonic telencephalon and diencephalon of mammals, birds, and amphibians (e.g. Puelles et al., 2000; Bachy et al., 2001 ). In addition, a fundamental neuromeric organisation of the diencephalon seems to be a shared feature of all vertebrates Rubenstein, 1993, 2003) , since it has been reported in agnathans (lamprey: Pombal and Puelles, 1999) and actinopterygians (zebrafish: Wullimann and Puelles, 1999; Hauptmann and Gerster, 2000) , as well as tetrapods. However, the specification of telencephalic subdivisions is relatively poorly studied in species like teleost fish where the eversion process of telencephalic development is different from the evagination process recognized for all other vertebrates (Wullimann and Puelles, 1999) . To begin to investigate this issue, we have isolated three homeodomain and LIM-homeodomain transcription factors from the medaka fish and we report their detailed expression patterns during brain development and in adults. To analyse the basal telencephalon, we have chosen a member of the Dlx gene family (Dlx2), recognized as subpallial markers in all vertebrates studied (e.g. Puelles et al., 2000) , and the LIM-hd factor Lhx7, which clearly delineates the medial eminence (pallidal and septal anlage) in mouse and Xenopus (Grigoriou et al., 1998; Bachy et al., 2001) . Finally, the LIM-hd member Lhx9 was chosen for its characteristic topology of segmental expression and as a known specific marker of pallial subdivisions in tetrapods (Rétaux et al., 99; Bachy et al., 2000; Moreno et al., 2004) .
Results and discussion
The amino-acid sequences of OlDlx2, OlLhx7 and OlLhx9 (Ol, Oryzias latipes) are presented in Fig. 1 known in other species. OlLhx7 and OlLhx9 share 87 and 85% identity with their Xenopus and mouse counterparts, respectively, the differences being mostly located in the 'linker' region between the LIM2 domain and the homeodomain. Moreover, the alignment with the sequences of paralogous genes (Lhx6 and Lhx2, respectively) strongly supports that they belong to the orthology groups 7 and 9 of LIM-hd genes. Concerning Dlx2, the sequence of the medaka protein is relatively divergent, as it shares only 52% identity with its mammalian ortholog and 64% identity with the zebrafish sequence. Again, the orthology relationship with Dlx2 genes of other species agrees well with the alignement with the more distantly-related Dlx1 sequence. The respective expression patterns of OlDlx2, OlLhx7 and OlLhx9 have then been analyzed in toto on embryos at stage 25 (i.e. 50 h of development, corresponding to 18-19 somites and onset of blood circulation, equivalent to 18 h of development in zebrafish), stage 32 (i.e. 4 days and 5 h of development, corresponding to the end of somitogenesis, equivalent to 23 h of development in zebrafish), and stage 39 (i.e. 9 days of development, corresponding to hatching, equivalent to 48 h of development in zebrafish). This analysis was completed by an analysis on sections for stage 39 embryos and adults.
OlDlx2 and OlLhx7: subpallial markers
At st.25, OlDlx2 expression was restricted to a diencephalic band most probably corresponding to prosomere p3 (i.e. ventral thalamus). It was also transiently expressed in the ventral mesencephalon and rhombencephalon ( Fig. 2A and B) . The strong subpallial expression of OlDlx2 began at st.32 ( Fig. 2C and D, spa on Fig. 2D ), together with a persistent labeling in p3 and a band of expression in the hypothalamic region. The subpallial nature of OlDlx2 expression in the telencephalon (delineated by dotted lines in Fig. 2D ) was confirmed by the strict complementarity of expression with the pallial marker OlEmx1 (inset, Fig. 2D ). It should be noted, however, that OlDlx2 expression territory in the subpallium was somewhat less extended than in zebrafish (Zerucha et al., 2000; Hauptmann and Gerster, 2000) . This OlDlx2 pattern persisted essentially in the medial and dorsal aspect of the subpallium at later stages ( Fig. 2E ) and in adults. Analysis on frontal sections of st. 39 embryos and adults clearly showed a strong labeling in the presumptive and adult area V (area ventralis telencephali) (Figs. 3A,B, and 4A), excluding the most ventral part of V, and mainly corresponding to area Vd (dorsal area of V, Anken and Bourrat, 1998) .
On the other hand, OlLhx7 began to be expressed around st. 25, where a faint expression was detected in the ventral telencephalon (not shown). This expression increased at later stages, and transcripts were very abundant in areas of the subpallium and hypothalamus which were distinct (but not mutually exclusive) from the regions expressing OlDlx2 (Fig. 2F-H) . Furthermore, analysis on sections at st. 39 clearly showed that OlLhx7 was present in the more basal regions of V, and overlapped with the OlDlx2 domain in the dorsal domain of V (Figs. 3D,E and 4C) , as well as in the basal diencephalon. Finally, in adults, OlLhx7 expression delineated two subdomains in the ventral telencephalon (Fig. 4C, dashed lines) which nicely corresponded to the proposed Vd and Vv (dorsal and ventral areas of V, respectively, Anken and Bourrat, 1998) . It should be noted that, quite differently from the situation observed in tetrapods, the subpallial OlLhx7 expression did not Fig. 1 . Sequence comparison of OlDlx2, OlLhx7 and OlLhx9. Blue overlining indicates conserved aminoacids, and yellow overlining indicates aminoacid positions which allow the identification of the orthology group (Lhx7/6, Lhx9/2, and Dlx2/1). Fig. 2 . Localization of OlDlx2 (left column), OlLhx7 (middle), and OlLhx9 (right) transcripts in the brain of developing medaka at the indicated stages. The brains have been dissected out, and mounted for photography in dorsal or lateral view, as indicated. In all panels, anterior is to the left. In most cases, the eyes have been removed for a better view. In (B,D,E,H,J and M), dashed lines delineate the telencephalon and its pallial and subpallial components (in D). The inset in (D) shows the expression of the pallial marker OlEmx1 to ascertain the delineation of pallial and subpallial divisions in the telencephalon. In the prosomeric terminology, prosomere p2 includes the dorsal thalamus, habenula and pineal gland, whereas prosomere p3 corresponds to the ventral (or pre-) thalamus (ventral p3) and thalamic eminence (dorsal p3). Abbreviations: di, diencephalon; e, eye; emt, thalamic eminence; hyp, hypothalamus; mge, medial ganglionic eminence; p2, p3, prosomere 2 or 3; pal, pallium; pi, pineal gland; spa, subpallium; tec, tectum; tel, telencephalon; ts, torus semi-circularis; v. mes, ventral mesencephalon.
correspond to a sub-region of the OlDlx2 domain, but was instead more extended than the OlDlx2 domain. Because Lhx7 is known to be expressed in both the pallidal and septal regions of the subpallium in other species (e.g. Moreno et al., 2004 for Xenopus), because it is a good marker of cholinergic cells, and because the pallidal and striatal components of the teleost basal ganglia were recently proposed to be intermingled (Wullimann and Rink, 2002) , this observation suggested that OlLhx7 expression delineates both the striato-pallidal complex and the septal region, whereas OlDlx2 only corresponds to the striatal or striatopallidal region. To investigate this issue, we analysed the expression of an additional gene marker, Nkx2.1, which is classically expressed in the pallido-septal portion of the subpallium in tetrapods. Like in zebrafish (Rohr et al., 2001) , there are two Nkx2.1 genes in medaka, and only one of them, OlNkx2.1b, is expressed in the telencephalon (OlNkx2.1a has a limited hypothalamic expression, KD and FB, unpublished observations). In st. 39 embryos, the subpallial expression of OlNkx2.1b was indistinguishable from that of OlLhx7 (compare Fig. 3D,E,G,H) , with OlNkx2.1b showing an strong ventricular expression. In adults, a residual expression was present in area Vv (Fig. 4E) . These data are therefore in favor of a partial intermixing of the striato-pallidal complex in teleosts, with a striatal division underlined by high Dlx2 signal (together with Lhx7 and Nkx2.1, a major difference when compared with tetrapods), and a pallido-septal division, characterized by high Lhx7 and Nkx2.1 levels, and devoid of Dlx2 expression (again, a major difference when compared with tetrapods).
OlLhx9: a pallial and neuromeric marker
As opposed to OlDlx2 and OlLhx7 which were restricted to the ventral forebrain, OlLhx9 expression was distributed throughout the developing brain, and showed a typical pattern with alternate domains of expression Fig. 3 . Expression of OlDlx2 (left column), OlLhx7 (middle column), and OlNkx2.1b (right column) analysed on transverse sections in stage 39 embryonic brain through the telencephalon (tel, A -B, D -E, and G -H) and diencephalon (di, C,F, and I). The asterisk in (H) indicates that OlNkx2.1b is expressed in a small pallial region which probably corresponds to the olfactory lateral pallium. Abbreviations: hyp, hypothalamus; n, neuropil; p3, prosomere 3; pal, pallium; Vd, Vv, area ventralis telencephali, pars dorsalis or ventralis.
and non-expression (e.g. Figs. 2K -L, 5C). At early stages (25 and 32), OlLhx9 was expressed in the rhombencephalon, in the dorsal midbrain (torus semicircularis and tectum), in the p2 prosomere (pineal gland and dorsal thalamus), in the thalamic eminences (which delineate the diencephalictelencephalic boundary), and in the pallial telencephalon (Fig. 2I -L) . This overall pattern was conserved when compared to mouse or Xenopus Lhx9 (Rétaux et al., 1999; Bachy et al., 2001) . Analysis of the st. 39 pattern on sections (Fig. 5A -D) showed that the pallial OlLhx9 transcripts were located in the medial/dorsal pallial aspect of the everted medaka telencephalon. This situation is different from that encountered in both Xenopus, where x-Lhx9 is a ventral pallial marker (Bachy et al., 2001 , Moreno et al., 2004 , and mouse, where m-Lhx9 is expressed throughout the pallium (Rétaux et al., 1999) . Interestingly, since the paralogous gene Lhx2 is predominantly expressed in the medial/dorsal pallium of both Xenopus and mouse, OlLhx9 expression might exemplify a case of inversion of paralog expression. In a similar respect, such paralog inversion probably also occurred for the pineal expression of Lhx2/Lhx9 in the course of vertebrate evolution, since Lhx9 is expressed in mouse and medaka pineal gland, whereas the pineal organ of Xenopus expresses Lhx2. The telencephalic expression of OlLhx9 in adults was restricted to the mitral cells of the olfactory bulbs (Fig. 5E) , an observation which might support a pallial origin for this neuronal population. In the diencephalon, OlLhx9 expression lasted from st. 39 to adulthood, being particularly abundant in the dorsal thalamus and habenula (p2 prosomere, Fig. 5C,G) . This persistent and strong expression of Lhx9 in prosomere p2 therefore seems to be a shared feature of the Vertebrates which have been studied so far. Finally, in the adult mesencephalon, OlLhx9 remained expressed in the periventricular grey zone of the tectum, the torus semicircularis and the nucleus glomerulosus (Fig. 5D,H) .
Methods
Medaka Lhx7, Lhx9 and Dlx2 cDNA were isolated using primers designed after the sequences of the mouse genes and sub-cloned into pCRII (primer sequences: Dlx2-5 0 :
CAGAGCCAGATACTGAGTC, Dlx2-3 0 :GATCAACTT-CAAGATGACTG, Lhx7-5 0 :AARGTIAAYGAYYTIT-GYTGGCAYGT, Lhx7-3 0 :TGICKIGCICKRCARTTYT-GRAACCA, Lhx9-5 0 :TIGCIGTIGAYAARCARTGGCAY-YGRAACCA, Lhx9-3 0 :MAYTTIGCYCTIGCRTTYT-GRAACCA). Digoxigenin-labelled riboprobes were synthesized and used for in toto in situ hybridisation as previously described (Joly et al., 1997) . In some cases, in toto labelled embryos (stage 39) and adults brains were embedded into paraffin and cut on a Leica microtome. Photographs were taken on a Nikon microscope or a Leica binocular equipped with a DXM-1200 camera.
Genbank accession numbers: AY534646 (OlLhx7), AY534647 (OlLhx9), AV670735 (OlDlx2), and AY568366 (OlNkx2.1b). 
